The present study investigates numerically the airflow and thermal characteristics as well as the transient behavior of different particles such as nickel, copper, titanium, and tungsten during the flame spray process by using the computational fluid dynamics (CFD) code (Fluent Ver. 13.0). The combustion model was used in conjunction with the Arrhenius model to describe multi-component turbulent flows occurring during a chemical reaction. It was found that secondary air increased flame temperature and changed the flow direction which can affect the particle behavior. Further, the particle velocity and temperature rapidly changed with the decrease in particle size, causing faster absorption of thermal energy from the hot gas. Moreover, the particle experiences the phase change depending on the temperature and its phase significantly depends on the variation of heat capacity of selected particle. Because the particle phase prior to impact on the sample surface determines the quality of the coating layer, the secondary air pressure should be controlled carefully together with considering the particle type.
Introduction
Recently, thermal spray technology has been widely used as one of the generic surface coating techniques in various steel production industries including heavy machinery, aeronautics, chemical and oil, electronics, automotive, and mining industries.
13) This technique produces thick coating layers over large surfaces with a high deposition rate and improves substrate surface properties such as appearance, adhesion, wettability, wear resistance, and thermal resistance. 4) Although many factors affecting the coating quality and reliability have been studied in the literature, 4, 5) the understanding of the coating mechanism and thermo-fluid interactions with the sprayed particles, which are important in controlling the surface quality and reliability, is insufficient.
Yang et al. 6) studied the flattening characteristics of copper particle coatings on preheated substrates. Specifically, they examined wettability changes for solids of different temperatures by measuring equilibrium static contact angles and investigated the influence of exposure time for preheating on the characteristics of sprayed coatings. From previous experimental results, 6) two important issues should be recognized: (1) the effect of the process duration following the preheating procedure and (2) the effect of the preheating temperature on adhesion and wetting characteristics. Lima and Guilemany 7) studied the effects of operating conditions on the thermal barrier coating (TBC) process using different materials, particle sizes and substrates by measuring the microstructure, hardness, roughness, and adhesion strength. They suggested that such optimized coating conditions must be applied for the flame spray process because morphological characteristics of the deposited layer are influenced by factors such as thermal expansion, powder grain size, and the number of passes performed during the flame spray. For flame spray process with the premixed acetylene-oxygen gas, it is important to note that the mixing ratio significantly affects changes in local flame temperature, resulting in substantial changes in the coated structure. 8) Flame temperature and velocity are difficult to be measured precisely because both the temperature and velocity of the gas are exceedingly high near the nozzle. 8) As an alternative, many researchers predicted numerically particle and gas temperatures, both of which are important for surface coating, for examining flame and flow characteristics. El-Hadj et al. 9) conducted numerical analysis to elucidate the influence of gas temperature on the flattening of impinging molten droplets during the thermal spray process. They reported that gas temperature significantly influenced splattering morphology and affected the adhesion of coated layer to the substrates. Bandyopadhyay and Nylen 8) carried out numerical simulations with the use of intermediate chemical substances to predict gas velocity and the temperature fields. They also compared the results to the case in which only the global chemical reaction was considered. Results showed that there was little difference between the two sets of results, indicating that the global chemical reaction model was acceptable for simulating the thermal spray process. Huang and Fukanuma 10) compared the particle velocity predictions with the measured data for evaluation, and also suggested that high particle velocities contributed to a mechanical interlock effect, yielding excellent bonding structure between the coating and the substrate during the cold spray process. 10) In their report, however, no experimental measurements of the velocity and temperature of the flame, or of particle temperature were presented because of very high velocity and opaque gas medium during the flame spray process.
Recently, Shin et al. 11) performed axisymmetric simulations to investigate the flattening characteristics between the deposited layer and the substrate using Ni 20 Cr particles. From their results for gas and particle temperature and velocity, it was shown that the interfacial layer between the deposited material and the substrate was flatter when the preheating temperature increased from 50 to 250°C owing to the higher momentum of larger particles. Lee et al. 12) reported on temperature distributions and velocity changes for the flame and particles obtained from two-dimensional CFD results and suggested an optimum spray distance measured from the nozzle exit. Moreover, their experimental results supported the idea that the adhesive strength was significantly affected by the flame spray distance. 12) Generally, in real flame spray process, the secondary air injected at the nozzle plays an important role in a flame formation, which affects the quality of coated layer on the substrate. Very small holes are typically used for air injection and three-dimensional flow patterns are shown. The flow complexity including transient and turbulent flows substantially changes the flame and particle behavior for a very short time during flame spray. As mentioned previously, many researchers have reported on the numerical results for flame spray but secondary air has not been studied in depth for the flame spray process even if it is very important in controlling the flame characteristics and evolution of particles over time. Thus, the main concerns in the present study are focused mainly on the secondary air flow effects on flame spray process by means of CFD approach. Meanwhile, many numerical studies have been conducted for axisymmetric flows for convenience and reduction in computing time. For a very short period during flame spray, however, particle movement does not remain axisymmetric, because the particles are affected by the existence of secondary flows. Furthermore, local flow velocity and particle movement in the vicinity of the nozzle are difficult to be measured precisely. It turns out that the CFD simulation becomes a promising way to examine the three dimensional characteristics of the flame spray process, thereby providing a means of surmounting the difficulties involved in direct measurement. The main objective of this study is therefore to investigate numerically the influence of secondary air flows on the particle dynamics and temperature fields along the centerline according to the different sizes and types of particle.
Numerical Details
For the numerical calculation, we constructed the CAD geometry for a powder spray gun (Metco 5P-II, provided by Sulzer Metco Inc.) comprised of nickel, copper, titanium, and tungsten with a mean diameter of 45 µm. As shown in Fig. 1 , a grid system was generated by using ICEM-CFD code (V. 13.0). The present study also used the commercial CFD software (Fluent V. 13.0) for solving the conservation equations for mass, momentum, energy, and species, which are expressed as:
where u and p are the gas velocity and pressure, respectively. µ is the gas density and is the stress tensor.F denotes the external body force and k eff means the effective conductivity. In addition,J j indicates the diffusion flux of species j and S h includes the heat source related to chemical reaction and any other volumetric heat sources. In eq. (4), R i is the net rate of production of species i by the chemical reaction and S i is the rate of production by addition from the dispersed phase plus any user-defined sources.
The standard k-¾ turbulence model was adopted and the standard wall function including buoyancy effects was used to describe the turbulent dissipation energy near the wall. The transport equations for the turbulent kinetic energy, k, and the rate of energy dissipation, ¾, are given by:
where the turbulent viscosity ® t can be obtained by
The model constants are given by, 13)
In the present simulation, acetylene (C 2 H 2 ) was used as a working fuel and a molar ratio of fuel-oxygen was taken as 3 : 1. As listed in Table 1 , the gas inlet pressure was 172,375 Pa with an initial gas temperature of 278.15 K. The initial sample temperature was 523.15 K. The heat capacity of the mixture was calculated from the volume weighted mixing law on the basis of individual heat capacities. 13,14) These values taken for simulation are obtained from the operating conditions of real flame spray process. For combustion modeling, the present study used the global reaction model on the basis of Arrhenius kinetics. A simple reaction formula for oxy-fuel combustion is solved, i.e., 2C 2 H 2 þ 5O 2 ! 4CO 2 þ 2H 2 O. In Arrhenius kinetics, the rate of creation/ destruction of a species can be computed using an expression that requires the forward and backward rate constants, i.e., k f,k and k b,k for a reaction rate k in which the species participates.
8) The present study used basically the Arrhenius model for combustion, which is expressed by
where A k represents the pre-exponential factor and ¢ k , E k , and R denote the temperature exponent, the activation energy for the reaction, and the universal gas constant, respectively. In addition, the chemical properties are predicted by CHEMKIN 4.1. Theoretically, the adiabatic flame temperature was estimated as T ad = 3,358 K for oxy-fuel combustion. To predict the particle behavior in the flame spray process, the discrete phase model (DPM) is derived based on Lagrangian description which can predict the particle velocity. The rate of change of particle velocity u P in the xdirection can be expressed as follows:
13)
Re
where F D means the drag force per unit particle mass which is expressed in terms of Reynolds number defined in eq. (12), C D is the drag coefficient and d P indicates the particle diameter. The subscript P indicates the particle. µ is the density and ® the fluid viscosity. Considering convective heat transfer as well as absorption/emission of radiation, the particle temperature was estimated by
where c P means the heat capacity of particle. A P is the surface area of the particle and T¨is the local temperature of the continuous phase. h and ¾ P are the convective heat transfer coefficient and the emissivity of particle, respectively. · denotes the Stefan-Boltzmann constant and ª means the radiation temperature. For the present simulation, the computation time required for each simulation was approximately 4 h, by using the computer with a 3.50 GHz processor (Intel R Core TM i7-3770K CPU) and 4 GB RAM with 8 nodes. Figure 2 shows the predicted distributions of gas temperature and velocity during the flame spray process. In Fig. 2(a) , a gas temperature of approximately 3000 K was predicted near the nozzle. Secondary air flows contribute to control the flame size as well as the flame temperature. To fabricate a reliable coating structure, the flame size should be controlled by considering the sample area on which the particles are coated in the flame spray process. From the results, it was seen that the target surfaces were covered sufficiently by hot gas coming from the nozzle. It shows that the thermal uniformity was achieved, which is closely associated with the production of uniform coating layer. Once the secondary flow is involved, the addition reaction is caused by the inflow of surrounding oxygen near the flame, which eventually results in the increase in gas temperature. In contrast, the temperature near the target surface decreased because both the combustion products and the unreacted fuel are absorbing heat during the combustion process. Meanwhile, the accurate estimation of gas velocity near the substrate is crucial because the particle velocity prior to impact on the surface is closely associated with the quality of coated layer. Thus, the numerical results in the present study would be useful in understanding the detailed physics behind the interaction between the particle dynamics and the quality of coated layer. Figure 2 (b) shows the gas velocity distributions and streamlines. Because of the secondary flow effect, the air flows were deflected towards the nozzle at which the combustion mainly occurs. Shin et al. 11) reported that for the case with a spray distance of 150 mm, the velocity reached 200 m/s near the nozzle and the particle velocity decreased to 80 m/s in the vicinity of the substrate owing to a wall proximity effect. In the present study, the flame gas velocity was predicted to be in the range of 80100 m/s, showing that compared to the previous results, 11) a similar velocity distribution was observed near the sample.
Results and Discussion
The present study examines the influence of injected secondary air pressure on the temperature distributions at different locations. In Fig. 3(a) , for a 50-mm distance from the nozzle, all cases had a similar temperature distribution in the radial direction regardless of differences in secondary air pressure. In Fig. 3(b) presenting the temperature distribution estimated at a 140-mm distance from the nozzle, higher temperatures were observed near the sample at the center of the flame when the secondary air pressure was increased. This is because of additional chemical reactions of the remaining fuel with oxygen supplied by the secondary air flows. If the secondary air is injected, the flame velocity at the downstream region increases compared to the case without using secondary air injection. Moreover, when the secondary air was introduced, it acted as a shield to prevent thermal diffusion in the radial direction by injecting air at high velocities, as seen in the region 2030 mm from the flame center. Figure 4 represents the mass concentration of fuel (C 2 H 2 ) and oxygen (O 2 ) for different distances from the nozzle during the combustion reaction in the flame spray process, taking into consideration the effects of secondary air pressure. The temperature distribution depends on the generated combustion quantity and can be determined by the fuel and oxygen concentration. According to the radial temperature distribution, as the secondary air pressure increased, the temperature of the axisymmetric axis was also increased (as noted in Fig. 3) . In Fig. 4 , the mass concentration of acetylene was lower in close proximity to the nozzle and sample under the condition that the same amount of fuel was injected for three secondary air pressure cases. Conversely, as the secondary air pressure decreased, the mass concentration of the fuel increased significantly. The secondary air pressure was determined to be directly proportional to the oxygen mass concentration. Thus, it was found that increasing the amount of oxygen supplied to the flame provided an opportunity for additional combustion to take place. The results of these simulations also explain why temperatures are relatively low in the case of little or no secondary air pressure. One is a less combustion reaction which has less possibility due to small amount of injecting oxygen inside air. The other is remained fuel which was not attended to combustion reaction and combustion products could absorb the heat in the flame. Near the nozzle, as seen in Fig. 4(c) , the oxygen mass concentration decreased slightly with the decrease in secondary air pressure. It is important to note that the oxygen injected with the fuel was completely consumed during the combustion reaction immediately after its passage through the nozzle. Thus, in the case in which secondary air is not present, there was no residual oxygen in the axisymmetric axis. Under this condition, there is a greater chance of having unspent fuel through which the heat of the flame would dissipate. In the case in which secondary air was present, however, oxygen was continuously supplied, and it (a) (b) Fig. 3 The distribution of temperature in the radial direction for different secondary air pressures for different distances from the nozzle: (a) the distribution of temperature 50 mm away from the nozzle, and (b) the distribution of temperature 140 mm far from the nozzle.
reacted with the unspent fuel, resulting in a high-temperature distribution in comparison with the case without secondary air. Moreover, as shown in Fig. 4(d) , increasing the secondary air pressure (which essentially means that a greater amount of air was provided during the flame spray process) resulted in more residual oxygen, even at low mass concentrations. From the results, it is conjectured that the secondary air plays two roles: first, it supplies sufficient oxygen to react with a relatively large amount of fuel, a case in which a higher gas temperature distribution could be generated. Second, the secondary airflows can serve as a guide to direct the flame. In this respect, the flame can maintain its temperature as it has less of an opportunity to dissipate its own heat. Thus, it is possible to obtain a high-quality coating layer by controlling the secondary air pressure. Figure 5 shows the velocity distribution associated with the different pressures of secondary air injection. When a secondary airflow was present, the flame velocity increased near the center of the axisymmetric axis. Comparing three cases as shown in Fig. 5(a) , the difference in velocity reached a maximum of 50 m/s at a distance of 10 mm from the center of the flame. This result demonstrates that secondary airflow plays a role in guiding the flame by the feature of straight forward and ultimately resulted in an increase in flame flow velocity. Moreover, because of this guiding flow, the flame velocity remains relatively high in regions near the sample (see Fig. 5(b) ). The velocity profile of the gas flow is very important because it is directly related to the kinetic energy of the flame as well that of the metal particles. By controlling operating conditions such as secondary air pressure, the momentum of the metal particles can be adjusted by considering fuel and particle attributes, allowing a reliable and high-quality coating to be achieved. Figure 6 shows the velocity and temperature distributions along the centerline for different nickel particle sizes when the secondary air pressure is 103.4 kPa. In Fig. 6(a) , the particle velocities initially increased near the nozzle. Subsequently, the velocities rapidly decreased as the distance from the nozzle increased. This increase in velocity is clearly related to the flame velocity. When the particle velocity decreased, the velocity slope increased with particle size owing to the resultant decrease in momentum. It was observed that the particle temperature in the flame changed suddenly with decreasing particle size, as shown in Fig. 6(b) . This is because as the mass of the particle decreased, its potential to quickly absorb the surrounding heat increased. In Fig. 7 , four different kinds of particles were used in the present study to investigate the influence of metal particle heat capacities. In the case of tungsten, which has a relatively low heat capacity (130 J/kg·K), the particle temperature closely followed the flame temperature. The temperature of the particle increased instantaneously after its passage through the nozzle. Subsequently, the temperature decreased as the particle approached the substrate. Conversely, numerical simulations predicted that the temperature of titanium particles, which have relatively high heat capacity (544 J/kg·K), would not change significantly. In the case of titanium particles with a melting temperature of 1941 K, it could not be heated enough to reach the melting temperature. According to numerical results, the titanium particles would collide with the substrate without completed melting state. Thus, the particle property is an important parameter for finding out the optimized conditions in the flame spray process, it should be considered in order to achieve a reliable coating quality.
Conclusions
In this study, three-dimensional simulations were performed to evaluate the thermal and dynamic characteristics of flames and metal particles. This study focused on the effect of secondary air pressure on the gas/particle temperature and changes in velocity. The following conclusions were drawn: First, the secondary airflow acted to supply additional oxygen, which can facilitate a relatively large amount of combustion. Also, the secondary airflow served as a flame guide and simultaneously carried the flame through the secondary airflow generated by injecting pressure. This flow helped to maintain the flame temperature by hampering heat dissipation in the flame. We have determined that the secondary air pressure is an important controllable factor in the construction of a reliable coating layer. Meanwhile, the size and types of particles, all of which have different thermal properties such as heat capacity, can affect the particle dynamic behavior as well as flame flow. In this study, it was found that the gradient of the velocity and temperature increased as particle size decreased. Furthermore, the phase of the particles (molten or solid) in the flame spray system, which is influenced by the thermal properties of the particles themselves, could affect the coating layer characteristics.
